Study design: Literature review and presentation of an experimental model of human spinal cord injury, (SCI). Objectives: Experimental designs seek to mimic and model the physical processes by which human SCI occurs and replicate the variety of chronic pathologies that characterize its long term eects. The variations in biological processes that are present between species have contributed to recent diculties in generalizing experimental ®ndings to the human condition. In this review, one ®nds: (1) a discourse on the pathological nature of the chronic human lesion, (2) a consideration of how the physical properties of soft tissue injury result in acute and chronic changes in the spinal substance, (3) a description of a device (ESCID) that is able to replicate and dynamically monitor physical indices of SCI as they take place in experimental models, and (4) a summary of how use of this device in dierent species has allowed the biomechanical descriptors of such injuries to be easily compared even in murine models. Setting: Ohio State University, Ohio, USA. Results: Careful attention to the details of injury device design has ®nally allowed a direct comparison of contusion-type injury models in the rat and mouse. Biomechanical outcomes with predictive capabilities have evolved that allow the investigator to create the range of pathologies seen in the human lesion even in these small vertebrates. The predictive cytopathology and our ability to manipulate the mouse genome will allow the testing of speci®c hypotheses related to cause and eect in experimental spinal cord injuries. Since the biomechanics, pathology, and chronic outcomes appear to be similar to those seen in the human, these animal models should facilitate rapid progress in the design of human therapeutics. Conclusions: Biomechanics of certain elements of experimental spinal injury are surprisingly accurate descriptors of acute and chronic pathologies in the spinal cord. This tenet applies across species and has often allowed more accurate design of clinical trials in the past few decades. As molecular approaches to this problem evolve, the use of species with known genomes appear warranted. Models that take advantage of these approaches are likely to produce innovations that quicken the pace of human trial strategies.
Introduction
Human spinal cord injury (SCI) is diverse in its causes, pathology and functional consequences. The modeling of such a lesion, however, is a necessary parallel to the pursuit of clinical interventions that will interrupt the cytopathology of chronic spinal destruction. There is an extensive literature that describes the physical, anatomical and physiological sequelae of experimental SCI that spans the better part of the last century. 1 ± 3 In models where such information is available, the experimental biomechanical descriptors of the injury process are able to predict the subsequent acute and chronic pathophysiology of the spinal cord. Such correlations are remarkable given the complicated combination of membranes,¯uid-®lled spaces and soft tissue elements that are involved within the spinal compartment. 4 ± 9 It is also becoming apparent that MRI technology is improving to the degree that long term human and animal lesions can be easily assessed and compared. 10 ± 12 High ®eld MRI technology in the future will allow better tissue resolution so that speci®c aspects of lesion pathology can be assessed to explain functional outcomes. An appreciation and utilization of such approaches will surely avoid current tendencies to explain much of the human lesion and its consequences by examining post-mortem pathology.
In the context of recent human data, it is appropriate to re¯ect on the degree to which our present experimental models mimic the physical processes of the human injury and accurately reveal the variety of chronic pathologies and outcomes seen in human lesions. 13 As the pattern of molecular mechanisms that contribute to the pathophysiology of SCI are revealed in our animal models, a closer examination of the correspondence between injury biomechanics, tissue pathology, physiological predictors and neurological evaluation is necessary. In this article, we examine the coincidence of the physical and biological factors in an established, predictive model of mouse spinal cord injury that mimics speci®c features found in a variety of human SCI pathologies. It is hoped that the genetic advantages of a murine model (eg the ability to manipulate its genome) will allow rapid dissection of the complex molecular events that promote damage and prevent functional repair of the spinal cord after contusion type spinal injury. If our experimental models are chosen and evaluated with care, such approaches should quickly translate into presumptive therapeutics in the clinical setting.
Modeling of human SCI etiology and pathology
Fast, experimental contusion type lesions seem to accurately mimic those sustained after rapid subluxation of elements of the vertebral column under a variety of conditions in the human. 6 ± 9,14 While a number of alternative experimental methods for external compression have been employed to injure the spinal cord (eg slow compression, pneumatic impaction), the acute gross appearance of the human and animal cords observed after SCI is quite similar (eg minor swelling, small hemorrhagic foci). Tissue pathology, while dicult to discern in the immediate time period, quickly evolves into a classical series of stereotypical events involving gray matter dissolution, white matter partial or complete demyelination and partial malacia followed the appearance of small cystic inclusions or large, interloculated syrinx cavities. 6 ± 9,11 However, careful analysis of the clinical histopathology reveals extensive variation of features associated with the wound healing process (eg gliosis, connective tissue deposition, sensory ®ber growth, demyelination, and cyst formation). 6 ± 9 This range of evolution of the descriptive cytopathologies is mimicked in the experimental contusion lesion with various aspects of the pathologic response found in animal models ranging from carnivores to rodents.
1 Recent eorts to trace and characterize aected pathways and cells outside of the immediate lesion area have expanded the concept of à distributed lesion' and explain much of the natural history of lesion development from a neurological perspective. 15 The distributed lesion in this context refers to the obvious and subtle pathophysiology of cells at locations well removed from the original lesion site that may die or be functionally aected by processes stemming from the initial physical insult. Frank transection in both animals and humans is often associated with a relative stabilization of pathological change and neurological outcomes. 11 However, such injuries are encountered rarely in the clinic. Thus, it is the partial lesion injury which is most common, and is often associated with the potential for continuing pathology that may be conducive to intervention strategies (ie evolving pain syndromes).`Stabilization' of an SCI lesion must therefore be thought of as the result of continuing processes of tissue destruction, abortive repair and wound healing around the injury site. 16 One exciting aspect of such repair is that plasticity of spinal elements is still possible and thus becomes the focus of recent strategies to improve locomotor capacities by extensive retraining regimens in carnivores, rodents and humans. 17, 18 Unique molecular strategies that take advantage of these intrinsic repair processes by supplementing positive alterations and suppressing negative ones are evolving. 16,19 ± 21 Yet targeting individual cellular and molecular processes is complicated by their frequently dual nature. For example, one of the long term keys to eective repair may be the control of the local immune response since compelling data now exists to suggest both positive and negative aspects of immunomodulation on functional outcome in animal models. 19,20,22 ± 25 One key to understanding the variety of immunopathologies in the human and animal models has been elucidation of speci®c molecular events that precipitate de®ned aspects of histopathology. The relative contributions of these temporal and site speci®c changes is now suciently clear to begin work targeting therapies at the molecular level. 1, 16 For instance, given the relative importance of destructive macrophages in the spinal lesion that are derived from blood-borne monocytes, 24 it might be appropriate to block chemokine receptors which contribute to the recruitment of monocytes to the lesion site. Thus, using these conceptual approaches, the similarities between the animal and human lesions provide a means to evaluate the consequences of molecular interventions on the resulting cytopathology and functional outcomes.
We have hypothesized that the secondary pathology process is a consequence of interactions between the physical and biological conditions present at the initial time of injury. Thus, a key to this comparative process is ®nding ways to mimic, as closely as possible, the start of the injury process in the experimental model. The physical forces imparted to the spinal tissue are likely to dier greatly between injuries sustained by variations in impact velocity, amplitude or duration. In the case described here, we will concentrate on the description and measurement of these parameters as one injures the soft tissues of the spinal cord. The ensuing physical, biomechanical descriptors permit a clear comparison of this process across species and inevitably permit speci®c hypotheses to be tested in man. With these data, one can evaluate whether or not the descriptors that accurately re¯ect the physics of the lesion process predict the biological outcomes in a way that makes the modeling process relevant to the human lesion.
Physics and soft tissue injury
In the clinical setting, SCI is often initiated when the bone of the vertebral column impinges upon the¯uid-®lled dural sac and compresses its contents. While this may be rapid or slow, continuing or very transient, the key determinant of mechanical trauma is the energy transfer through the complicated system of membranes (dura, arachnoid, arachnoid trabecula, and pia) and uid in the sub-arachnoid space (CSF) to the soft tissue of the spinal cord. Since the size of the intravertebral and subarachnoid spaces and the physical properties of the gray and white matter vary greatly, it should come as no surprise to ®nd a wide range of consequences of even rapid trauma along the length of the neuraxis. These physical variables undoubtedly contribute to the ®nding that regions of the spinal cord with a small subdural space (eg cervical regions) are at most risk for contusive type SCI. 26 Thus, energy transfer must be considered in any plausible model of human SCI. Likewise, the resulting consequences of stretch and strain on the cellular components of the injury site should be considered. 27, 28 A¯exion/extension, contusive type injury that occurs most often in humans, is often over in several milliseconds thus allowing only a short period of time in which to measure these important early clues. 1 The energy transfer after initial impact can be compared to a wave or pressure pulse of the type that occurs in the vascular system during rapid systolic ®lling. This wave travels along the spinal compartment and is continually modi®ed by re¯ections, size and physical characteristics of the spinal compartment. The speed of propagation of this event in the meningeal membranes probably exceeds 4 ± 5 meters/s so that re¯ected pressure waves are likely to contribute to the surface/tissue distortion associated with initial, fast vertebral movement. The subsequent parabolic movement of tissue up and down the spinal cord likely contributes to tissue damage favoring early gray matter destruction due to orientation of the gray substance and white matter pathways. 29, 30 In spite of these initial stresses, it is rare, even in human injuries, to see little more than small petechial hemorrhages in histological preparations of the spinal cord in the ®rst few hours after an injury has occurred. The evolution of these processes into necrotic and apoptotic forms of cellular destruction over the ®rst few days after injury, however, occurs in stereotypical ways suggesting that the magnitude of these early physical events likely determines the course of subsequent tissue pathology. It has been our approach, in the model described below, to directly measure these early events experimentally by controlling the passive stress/strain of the dural compartment prior to the injury and estimating the pressure pulse during the injury sequence itself. In the future, a careful analysis of these factors should also allow one to account for dierences such as age, size and tissue composition in modeling the human lesion.
Since one knows a priori that variance of these physical factors would aect injury outcomes, continuous estimates of displacement and force in the spinal compartment during injury has allowed a reliable mimicking of the human lesion in a variety of species with excellent predictability of neurological outcomes.
2,16,31 ± 33 As one moves from carnivores to rats and inevitably to murine models, this approach also allows one also to change injuries in predictable ways using established physical parameters. Theoretically, one can estimate and compensate for the eects of changes in velocity and age-induced changes in the meningeal compartments in such models.
Injury dynamics and device design
Previous versions of the model system to be described have appeared in the literature and have proven their worth in terms of descriptive biomechanics that are predictive of injury outcomes in species from carnivores to rodents. Under the auspices of the International Spinal Research Trust, we have simpli®ed, the design and developed the necessary device hardware and computer software to restructure a spinal injury system that has been exported to other laboratories. The ability of this system to utilize both the rat and the mouse as experimental models is of obvious importance in terms of generating and mimicking historical patterns of biomechanics thus allowing the transfer of decades of information gleaned from the rat model into the mouse. The mouse therefore can become a major focus of injury modeling in the foreseeable future. 16, 33, 34 The basic injury device (ESCID-2000) utilizes an electromagnet to produce a rapid, single impact spinal cord contusion. The electromagnet is controlled via computer interface using commercially available hardware/software that precipitates the impact sequence. Brie¯y, a vertical impounder controlled by the computer interface is rapidly moved in an accurate, reproducible pattern over very short, calibrated distances (usually less than 1.0 mm) during the injury sequence. As in the rat, injury is produced in anesthetized mice after a dorsal laminectomy is performed at the T 9 vertebral process. Critical steps in this process include: (1) careful stabilization of the vertebral column before injury, (2) standardized site and size of the laminectomy, and (3) reproducible dimpling of the dural surface (to achieve a 1500 dynes`touch' signal) just before injury to insure a similar starting point. The latter touch sensitivity of the shaft of the impactor before the injury also allows dynamic assessment of probe biomechanics. For example, this measure allows interpretation of whether the probe is touching nearby tissues outside the spinal envelope in the small, microscopically monitored space of the laminectomy site. The importance of these critical procedures has been discussed elsewhere. 34 A simpli®ed diagram of the injury device is included here to illustrate design principles (Figures 1 and 2 ). As illustrated, both touch ( Figure 1B) and injury (hit, Figure 2A ) signals are generated using the Labview Software (National Instruments) on a conventional PC. These signals are used to drive the probe attached to the Ling shaker via a power ampli®er. A preadjusted mechanical stop platform arrests the probe at a displacement (between 0.3 ± 1.5 mm) that directly determines the magnitude of injury in each animal. As the independent variable, displacement at three levels (0.3; 0.5 and 0.8 mm) produces the necessary range of injuries needed for modeling in the mouse since animals largely recover most motor control after injuries of 0.3 mm displacement while remaining severely impaired at 0.8 mm (see Ma et al 33 for more The injury sequence is initiated from a point of ®xed force reading from the surface of the exposed spinal cord dura. The entire injury device is lowered slowly onto the surface of the dura while monitoring the force measured from the force transducer (downward arrow). A 60 Hz oscillation of the probe in this mode allows sensitive detection of the small force measurement. Upon touching the cord surface, the force recording reverses and then increases as the pressure of the cord and meninges is imparted onto the vertical probe.
For mouse injuries, a ®xed starting force of 1500 dynes is applied. This force has been shown to produce no greater cellular reaction than laminectomy alone. A Stop nut is ®xed on the vertical probe shaft and a Stop platform is ®xed to the structure of the injury device. The distance between the Stop nut and Stop platform is carefully calibrated between 0.3 and 1.5 mm, providing the ®xed displacement distance for injury Figure 2 The injury sequence is controlled by the voltage output of the computer. (A) Movement of the vertical shaft by a ®xed voltage sequence leads to a reproducible, single impact on the surface of the exposed dura. The hit sequence is composed of a vertical displacement, plateau, and retraction of the probe. The mechanical Stop platform (see Figure 1 ) facilitates a¯at impact sequence. After a plateau of 12 ± 14 ms, the probe is retracted from the surface of the dura and the subject is removed from the apparatus. (B) Immediate feedback of the displacement and force measurements is made using the computer software and stored to disk for later analysis details). Accurate transducers directly monitoring force and displacement at up to 8000 samples/s permit one to directly observe hit dynamics which occur over the 23 ms epoch ( Figure 2B ). For instance, the shape of the unrestricted force curve can be used to assess if the probe has touched adjacent tissue during its downward trajectory. The dynamic biomechanical measurements of displacement and force are then used to compute additional derived variables known to be important predictors of the injury process (eg impulse momentum, velocity of probe movement, power and energy) (Figure 3 ). The biomechanical measures obtained during the injury provide important data about the physical properties of the tissue during impact. These estimates have been examined at the completion of our experiments to assess their relative roles as predictors of injury outcomes. Each of these parameters appears to re¯ect slightly dierent aspects of the functional outcome sequelae. Thus early behavioral outcomes (day 1) are better predicted by maximum impulse/ momentum while later locomotor scores correlate best with maximum displacement. 33 Likewise, future analyses will determine the extent to which the various histopathological ®ndings are predicted by the biomechanics and associated neurological recovery measures.
Relevant indices of histopathology
Consideration of the biomechanics of the injury process suggests that the carefully controlled contusion injury should provide the most relevant biological conditions for testing potential therapeutic interventions in clinical SCI. However, the success of our modeling objectives is determined by how reliable and predictive our outcome measures are of the clinical picture. In this regard, we have taken great pains to characterize our evaluation of the lesion histopathology in our animal models. The rat contusion injury has become widely accepted as a model of clinical SCI cases in which progressive necrosis leads to the formation of large cavities and¯uid ®lled cysts.
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Figure 3 Measured and derived biomechanical parameters from a representative 0.5 mm displacement injury in C57Bl/6 mouse, using the ESCID-2000 (current version of the injury device). Data points were collected at the rate of 8000 s. Peak displacement occurs immediately prior to the peak force of impact. The peak impulse momentum is reached just prior to retraction of the impact probe. Future studies using this device would allow manipulation and assessment of the relationship between velocity and energy of impact on behavioral and histological parameters The lesion pathology can be de®ned in terms of such outcome measures as residual white and gray matter sparing, cavitation, and tissue shrinkage. 44 ± 47 A similar contusion of the C57Bl/6 mouse spinal cord results in the development of a dense ®brotic tissue scar at the lesion site, which more closely mimics the connective tissue scar features associated with clinical laceration and maceration injuries. 6 ± 9 A direct comparison of the chronic histopathology of the contusion lesion in these two species is thus possible using the injury device described herein. One of the most striking features of such a comparison is that the three-dimensional volume of tissue damage is very similar in topography and relative extent (Figure 4) . Thus, the use of the two models in parallel will permit the direct evaluation of interventions on a wide range of relevant histopathological features that could not be fully assessed using either model alone. In addition, the development of comparable behavioral and neurophysiological outcome measures in the two species will be important for pursuing future studies with promising therapeutic strategies.
In recent years, the cellular and molecular tools available to neurohistologists have facilitated an explosion of information about the biological events and changes in cellular function that are initiated by SCI. To date, however, attempts to determine the role of each process in the resulting chronic histopathology have relied on mostly descriptive evaluations of staining patterns at the injury epicenter. We now understand much more of the complex environmental changes that interact in secondary pathophysiology after injury. 48 It has thus become clear that the accurate evaluation of these cellular and molecular events must take into account the regional dierences and temporal features of the lesion pathology. Recent progress in the visualization and quantitative analysis of histopathology in three dimensions has made such analyses feasible and useful for the complex lesion that is formed following spinal contusion injury ( Figure 5 ). We have shown previously that distinct histopathological outcome measures can be obtained by changing the amplitude of displacement in our injury models. 33, 34 A similar three dimensional analysis will provide the most sensitive measure of the eects of variations in biomechanical parameters as well as genetic or pharmacological manipulations on the pathology of the chronic lesion.
Behavior as the ultimate test of model validation
Pathological sequelae of spinal injuries inevitably aect the behavioral capacities of the organism for long periods of time after injury. Behavioral masking in animals is often a term used to explain altered capacities that are not re¯ected in overt pathology. The obvious advantage of the injured human patient is that we can use language to potentially overcome at least some of these masking eects. Alternatively, as suggested above, behavioral outcomes are often the result of a combination of positive and negative in¯uences on evolving pathologies in the chronically injured patient. It is therefore somewhat surprising that our animal models in the rat and mouse show such an excellent correlation between the biomechanical injury descriptors and a range of acute and chronic behavioral trials. 33, 49 As our behavioral trials improve, even in the mouse model, it will be important to continue a comparison between the variety of species used as spinal cord models with the capacities seen after the human lesion so that even more eective, predictive modeling can be accomplished. Unique therapeutic strategies are likely to follow.
Summary
Careful modeling strategies have resulted in a range of animal models that mimic the great majority of pathologies seen after human spinal cord injury. In the future, present designs utilizing murine models should allow us to take advantage of the elegant capacities to alter the genome in this species. The testing of speci®c mechanistic hypotheses imputing the role of speci®c genetic loci in the acute and chronic pathology of SCI is an obvious advantage of such work. It may also allow an extension of such models into the aging population where there appears to be a need for close examination of the mechanisms of SCI. The consistent application of such models across laboratories will also result in more rapid advances in the clinical trials that will address the problem.
